The review addresses the current state of progress in the use of ultra-small nanoparticles from the category of quantum dots (QDs), which presently embraces a widening range of nanomaterials of different nature, including "classical" semiconductor groups III-V and II-VI nanocrystals, along with more recently emerged carbon, silicon, gold and other types of nanoparticles falling into this class of nanomaterials due to their similar physical characteristics such as small size and associated quantum confinement effects. A diverse range of QDs applications in nanomedicine has been extensively summarised previously in numerous publications. Therefore, this review is not intended to provide an all-embracing survey of the well documented QDs uses, but is rather focused on the most recent emerging developments, concepts and outstanding unresolved problematic and sometimes controversial issues. Over 125 publications are overviewed and discussed here in the context of major nanomedicine domains, i.e. medical imaging, diagnostics, therapeutic applications and combination of them in multifunctional theranostic systems.
Quantum dots in nanomedicine: recent trends
Within a steadily increasing database of diverse nanomaterials reported as suitable for applications in nanomedicine [1e10], quantum dots (QDs) deservedly occupy a special niche as nanoparticles with a unique track record full of high expectations, dramatic pitfalls and often controversial experimental evidence. From the early optimistic aspirations of them as breakthrough tools for multipurpose in vitro and in vivo applications [11e17], they have been subject to a period of partial relinquishment following the sombre realisation that in the original unmodified state QDs did not stand a chance to deserve a unanimous approval as imaging or drug delivery vehicles in humans, due to their intrinsic toxicity and lack of biodegradability perspective. The disappointingly low yield of exploitable outputs following the initial rounds of heavy investments in the field has also contributed to the overall decline in research productivity metrics. The analysis of the recent ten years' trends in publications number in this area related to the QDs medical applications in vivo in general ( Fig. 1 A) , as well as for imaging and diagnostics purposes ( Fig. 1 B, C) according to Thomson Reuters Web of Science™ database clearly reflects such "cooling down" period after 2010 resulting in a significant reduction in the initially steady exponential growth of publication rates. This trend has been partially or completely reversed by 2014 and it is intriguing whether we will see it sustained in 2015 and beyond.
Such returning enthusiasm has been reinvigorated by a number of objective tendencies in the related technological developments, including the arrival of innovative nanotechnology-enabled tools for diagnostic and ex vivo imaging applications [18, 19] , the arrival of new types of QDs of alternative nature offering the opportunities of reducing the undesirable QDs-associated toxicity and side effects, such as carbon, graphene [20, 21] , silicon quantum dots and nanodiamonds [22] , hence refocusing the attention of scientists pursuing the progress in this field in academia, research institutions and industry alike. Selective optimisation and surface chemistry manipulation of semiconductor QDs hold the potential for their multimodal applications such as ultrasensitive detection in diagnostic systems, as well as drug delivery approaches, combining precision targeting, drug delivery and imaging in a single assay [18] . Advances in single molecule imaging using multi-color and threedimensional QD tracking, have enabled the in vivo observation of biological processes at molecular level resolution, including whole animal studies [19] .
perceived as inorganic semiconductor nanocrystals typically synthetized from groups III-V and II-VI elements of the Periodic Table. However, recent developments in the nanotechnology area and biomedical applications of nanomaterials make us explicitly note that despite remaining unchanged in most widely accessible public information domains, the contemporary definition of QDs must be substantially broadened to include wider categories of nanoparticles more recently introduced by the researchers and based on carbon, silicon, gold, molybdenum sulphate and similar materials, all of which display the quantum confinement phenomenon associated with a dramatic change of electrons' behaviour kept at the boundaries of the Bohr radius in ultra-small objects with size below 10 nm. Due to their extremely small size (compared to most cellular, subcellular structures and many biomolecules), they can exert their interactions with biological structures at the near atomic scale [24] . Nonetheless, the comprehensive analysis of the available scientific reports in the field shows that the more "classical" semiconductor III-V and II-VI nanocrystals still occupy the widest niche in biological research and medical applications for several objective reasons. Firstly, the sheer amount of reliable and reproducible data related to these QDs type accumulated over decades significantly exceeds such on the other QDs types. Secondly, they possess truly outstanding physico-chemical properties clearly distinguishing them from other nanoparticles. Some of the inorganic semiconductor QDs have already been successfully utilised in biomedical applications. In addition, the expanding use of such QDs in technical applications, devices and products dictates the necessity of a continuous thorough assessment of the associated risks and hazards for people, should they be released in the environment and be subject to uncontrolled human population exposure.
In general, to exert the features ideally suitable for medical uses, all types of QDs should be as small as possible for deeper organ, tissue and intracellular barriers penetration and on the other hand e efficient excretion if introduced in vivo, be as bright and stable as possible for more sensitive and reliable detection and last but not the least, show minimal signs of toxicity if applied in vivo or introduced into human organism following an unintentional exposure.
"Classical" semiconductor QDs, in addition to their dimensional limits (common core diameters in the range 1e10 nm), display unique optical characteristics due to the above mentioned quantum confinement effect [25] . The optical properties which deservedly positioned QDs as an outstanding class of fluorescent probes for biomedical imaging include, among the others, broad absorption spectra enabling simultaneous excitation of multiple fluorescence colours [26] , very narrow and size-tuneable light emission bands [27, 28] along with high resistance to photo-bleaching compared to the conventional organic fluorophores [29] .
However, in order to be useful for biomedical purposes, QDs commonly undergo a multi-step synthetic and preparatory process ensuring solubility and biocompatibility [24] which we briefly describe below. The first step in the process of QD core synthesis involves injection of liquid precursors into solvents at high temperature, with a subsequent deposition of an inorganic shell protecting the optical properties of the core. This increases the quantum yield to nearly 80% [29, 30] . The emission efficiency in QDs-based systems can be further enhanced using optimally designed plasmonic gold-derived structures [31] . However, the ex synthesis QDs are non-polar and therefore insoluble in water. They must be rendered water soluble in order to be utilised in biological systems [32] . Hence the surface of the nanoparticle is further covered with solubilisation ligands, making them transferrable to the aqueous environment. Various solubilisation ligands such as thiol-containing molecules, peptides and polymerised silica shells with polar groups are used [33] . The resulting charge of QDs in relation to the surrounding medium referred to as the zeta potential (i.e. the electro-kinetic potential in colloidal systems) has a pronounced effect on the QDs interactions with the biological structures. Alternatively, QDs can be made biocompatible by capping the hydrophobic shell with hydrophilic ligands such as dihydrolipoic acid [34] . In addition to ligand exchange, QDs with hydrophobic surface ligands can be solubilized by encapsulation in amphiphilic polymers [35, 36] and phospholipid micelles [37] . Gaponik et al. offered a valuable alternative method of direct aqueous synthesis of QDs [38] which received a wide recognition for its safety, efficiency and reliability.
Among the recently emerged types of nanoparticles for biomedical use, graphene QDs are a promising class of nanomaterials with size dependent optical properties similar to semiconductor QDs, e.g. tuneable emission bands and amenability to targeted bio-functionalization. Doping of these graphene QDs with heteroatoms can further attenuate their optical qualities, permitting to achieve the photoluminescence quantum yield of up to 70% [39] . Chua et al. have successfully used fullerene C60 to produce very small graphene QDs of 2e3 nm which demonstrated good dispersion qualities in aqueous suspension and exhibited strong luminescence emission at 460 nm, which could be shifted to red or blue areas of spectrum following customised chemical treatment with hydrazine hydrate and hydroxylamine [40] . Very recently, Dai et al. reported the synthesis and potential application of have molybdenum disulphide QDs of less than 10 nm size with excitation-independent blue photoemission, quantum yield approaching 10% and fluorescence stability over a pH range between from 4 to 10, making them good candidates for multiphoton biomedical imaging [41] . The range of QDs with nanomedical application potential has been expanded with the introduction of silicon nanoparticles with tuneable emission properties over 470e560 nm wavelength range and 25% quantum yield. These Siderived QDs have shown good shelf life and photostability, retaining a strong and stable fluorescent signal over 3 h under a high power UV illumination, in contrast to the deteriorating fluorescence quenching of conventional organic dyes and group II-VI QDs over 2 h under the identical experimental conditions [42] . Gold QDs exhibit distinctive optical and magnetic properties compared to more commonly used gold nanoparticles. However, their unfavourable interactions with live cells and insufficient stability in aqueous media prevented their wider application in biomedical studies. Hembury et al. provided an interesting synthetic pathway integrating gold QDs within a mesoporous silica shell, alongside larger gold nanoparticles within the shell's central cavity. Such "quantum rattles", as the authors named them, were stable in aqueous solutions, didn't show signs of cytotoxicity, preserved the attractive near-infrared photonics and paramagnetic features of gold QDs [43] . Zheng et al. have earlier introduced fluorescent, water-soluble and size-tuneable over the visible and near-infrared spectra gold QDs, thereby offering the alternative light-emitting probes for biomedical imaging [44] .
The range of the nanoparticles falling under the category of QDs for biomedical utilization is currently on a steady increase.
Quantum dots for in vitro biomedical experimental systems
Prior to discussing the applications of QDs as imaging and diagnostic tools in nanomedicine, it must be stressed that albeit imaging conditions in experimental settings in vitro and clinical diagnostic imaging are usually very different and not all the innovative nanoprobes eventually find their way into realistic nanomedical uses, we felt it essential to overview here the current developments in cellular and tissue models, as these might bear a potential for pre-clinical and clinical translation, even if in a distant future.
The design of QDs for successful imaging of specific tissue, cellular and subcellular targets is achieved via their functionalization with biologically active molecules, such as antibodies, drugs, peptides and small molecular moieties, micelles, etc. [45, 46] . Biofunctionalization allows for improved stability and biocompatibility of QDs, enabling them to be used for specific in vitro biological labelling. Avidin [47] , serotonin [48] , and chitosan [49] are among many of those used to date to target specific cell receptors and proteins. Peptide coated CdSe/ZnS QDs were successfully applied to specifically target chimeric proteins expressed on the membranes of live HeLa cells [50] . QDs have also been used as probes to monitor individual synaptic receptors in living neural circuits [51] . Goa et al. showed that optically encoded beads using mesoporous polystyrene beads and surfactant-coated semiconductor QDs could be suitable for detection with a standard flow cytometer at 1000 beads/s [52] . Pathak et al. demonstrated the use of hydroxylated QDs as luminescent probes for fluorescent in situ hybridization [53] . Bio-functionalized QDs can be utilized for detection of genomic aberrations of cancer genes by this technique [54] . Zhu et al. developed semiconductor quantum dot-conjugated antibodies to label Cryptosporidium parvum and Giardia lamblia [55] . Bacterial strains that are slow growing (e.g., Mycobacteria), or highly infectious (e.g., Bacillus anthracis) could be detected using phage conjugated streptavidin-coated QDs [56] . Han et al. achieved multicolor optical coding for biological assays by embedding different-sized CdSe/ZnS QD into polymeric microbeads at precisely controlled ratios and utilized it in DNA hybridization studies [57] . Antibody conjugated CdSe/ZnS coreeshell QD were utilized to perform multiplexed fluorescent immunoassays for the simultaneous detection of cholera toxin, ricin, Shiga-like toxin 1, and staphylococcal enterotoxin B [14] . The unique optoelectronic properties of QDs give them major advantages over the existing organic dyes not only as fluorescent labels, but also as lightemitting sensing probes. ZnS-capped CdSe QDs have been shown to be sensitive to environmental factors such as pH and the presence of divalent cations [58] . QDs-based sensors utilizing the fluorescent resonance energy transfer (FRET) technique deserve a special interest, as they can be applied as ratiometric cellular probes for the measurement of pH, oxygen, metal ions and enzymatic activity [13, 59] , including caspases as important indicators of cell health and apoptotic processes [60] .
QDs also offer an opportunity to investigate the fine organisation of human cells at the cytoplasmic and subcellular organelle levels. Williams et al. studied the compartmentalization of sizetuned luminescent semiconductor nanocrystal QDs in four distinctive cell lines and found that each cell line displays its own cut off size thresholds reflecting cell-type-determined cytoplasmic compartmentalisation and nuclear pore penetration specificity [61] . Heparin conjugated quantum dots were reported to have superior imaging properties compared to their native counterparts, facilitating QDs internalization into the nucleus of phagocytic, colonic and lung cancer cell lines [62] . Nuclear and nucleolar localization phenomenon characteristic of the negatively charged QDs (Fig. 2 ) could be possibly further exploited for selective manipulation of the cell cycle at the histone level [63] .
More recently, Song et al. have shown that new emerging types of QDs, such as water-soluble graphene quantum dots can be applied as multiphoton fluorophore probes in live mouse primary hepatocytes [64] . Of note, no significant cytotoxicity was registered with these QDs concentrations of up to 100 mg/ml. Yuan et al. [65] reported that graphene quantum dots offer remarkable advantages in biological applications as multicolour fluorescent probes sensitive to an entire pH range from 1 to 14 under naked eye detection. These QDs were also found to be responsive to the temperature changes, thereby rendering them useful dual probes for simultaneous pH and temperature measurements even in complex biological media. Graphene QDs used as energy donor with rhodamine derivative as an energy acceptor provide a ratiometric FRET sensor for estimation of the heavy metal (Hg) levels in living cultured cells and such combination sensor features high selectivity, low cytotoxicity, biocompatibility and good water solubility [66] . Prabhakar et al. recently demonstrated that functionalized graphene oxide QDs with improved photoluminescence qualities are the promising candidates as optical probes for preclinical imaging [67] . The authors implemented functionalization of graphene oxide QDs with poly-ethyleneglycol/poly-ethylene imine and folic acid tag as the affinity ligand for tumour cells expressing folate receptors. These QDs featured low toxicity, were retained within the labelled cells population over eight days and were redistributed into dividing daughter cells. In the chicken embryo chorioallantoic membrane model the authors were also able to visualize and track migratory cancer cells, suggesting that these QDs could possibly overcome the limitations pertaining to "classical" semiconductor QDs in longterm biomedical imaging and in vivo application potential. Molybdenum sulphate QDs demonstrated good performance as probes for multiphoton imaging and have been successfully exploited to design the intracellular microRNA imaging analysis system [41] .
Similar to semiconductor QDs, silicon-based QDs are highly fluorescent and in principle can be used for cellular imaging, but in native form are either not soluble in water or their fluorescence rapidly deteriorates in aqueous environment even after surface functionalization. Fan et al. constructed blue-and green-emitting Si QDs which proved to be photostable, biocompatible and underwent a rapid distribution throughout cytoplasm, with a significant fraction also entering the nucleus of cultured monocytes [68] . Silicon (Si/SiO 2 ) quantum dots were recently used to study nanoparticle uptake and inflammation process in human lung fibroblastic line MRC-5 [69] .
QDs-decorated gold nanorods with silicon coating functionalized with transferrin have been taken up by A549 lung cancer cell line and demonstrated good potential as high contrast fluorescent/ plasmonic bimodal labels for fluorescence and dark-field cell imaging [70] . A highly sensitive electro-chemiluminescent assay based on double-quenching of graphene QDs by G-quadruplexhemin and gold nanoparticles for protein kinase A activity detection in serum samples and cell lysates with a detection limit down to 0.04 U/mL was designed by Liu et al. [71] , which might be potentially utilised both in experimental settings and clinical biochemistry diagnostics.
In vivo imaging using quantum dots
Application of QDs as contrast agents for in vivo imaging has been the area of high expectations since the initial studies carried out over a decade ago and has recently received a recurring attention. Organic fluorophores, fluorescent and chemiluminescent probes are still the most commonly used optical reporter molecules for animal imaging at present [72e74]. However, conventional organic probes do not offer the near-infrared (>650 nm) emission possibility. The near-infrared emitting window is very appealing for biomedical imaging because of the low tissue absorption and reduced light scattering in this wavelengths' region [75, 76] . Since the optical properties of QDs can be tuned by size and composition, CdTe, CdTeSe, InPAs, PbS, and PbSe featuring near-infrared emission have been produced and applied for bio-imaging purposes [73,77e79] . Several earlier publications demonstrated QDs as in vivo contrast agents possessing important advanced properties. Alloyed semiconductor QDs have been successfully synthesized to achieve red-shifted light emission up to 850 nm and quantum yields up to 60% without changing the particle size [77] . QDs were tuned to NIR fluorescence emission (emitting at 850 nm) and utilized in major cancer surgery for mapping sentinel lymph nodes at the depth down to 1 cm [78e80]. Protease-activated NIR fluorescent probes were developed to detect tumour-associated lysosomal protease activity associated with the development of early stage tumours in vivo in a mouse xenograft model [81] . In earlier studies, Akerman et al. functionalized ZnS-capped CdSe QDs with peptides enabling targeting of tumours, blood and lymphatic vessels in tumour-bearing mice [82] . QDs-labelled cancer cells and fluorescence emission-scanning microscopy were used to track the extravasation and spreading of malignant cells into lung tissue in mice following intravenous administration [83] . So et al. presented QDs conjugates that luminesce by resonance energy transfer in the absence of external excitation and confirmed that the conjugates emitted long-wavelength (from red to near-infrared) bioluminescent light in cells and were suitable for multiplexed in vivo imaging even in deep animal tissue locations [84] . Han et al. have recently developed novel fluorophores based on QDs-antibodies conjugates coated with norbornene-displaying polyimidazole ligands. These multiplexed probes were applied for intravital cytometric in vivo imaging and single-cell labelling in bone marrow. Using a calvarial bone window system, the authors showed that the QD conjugates efficiently diffused into the bone marrow and labelled single cells of rare populations of hematopoietic stem and progenitor cells [85] . Shi et al. have designed the multifunctional graphene oxide QDsdecorated magnetic nanoplatform enabling the challenging task of capturing rare Glypican-3-expressing Hep G2 circulating liver cancer tumour cells in tumour cell-enriched blood preparations containing as few as 10 cancer cells in 15 mL [86] . Their two-photon luminescence platform was suitable for subsequent selective cancer cells imaging in a biological transparency window using the 960 nm wavelength light. Recent in vitro and in vivo toxicity studies demonstrated the unique biocompatibility of optimised Si QDs and fluorescent nanodiamonds, positioning them as excellent candidates for diagnostic imaging and promising non-toxic vectors for therapeutic drug delivery [22] . Composite silica-coated gold nanosphere/quantum dots nanoparticles (AueSiO2-QDs/SiO2-PVP) produced by Song et al. [87] were implemented as dual mode probes for contrast-enhanced X-ray CT and fluorescence imaging.
Quantum dots for diagnostics and therapy
The development of efficient applications of QDs for diagnostic and therapeutic purposes is heavily dependent on the availability of nanoparticles small enough to cross the multiple biological barriers imposed by the tissues and organs of the human body, such as bloodebrain, alveolo-capillary, intestinal and dermal barriers and to be excreted with urine through the renal filtration barrier, i.e. they must be below 8e10 nm at least in the core diameter (usually significantly increased by the addition of surface functionalities and adsorption of plasma proteins). In addition, they must demonstrate low nonspecific cytotoxicity levels. On the other hand, multifunctional QDs, as all other rigid nanoparticle-based drug carriers offer a potential to exploit the enhanced permeability and retention, or EPR, effect characterised by the more "leaky" vasculature found in tumour compared to the normal tissue [88] and, in principle to expect similar increased accumulation of QDs-conjugated therapeutic drugs over the targeted cancer lesion. Unfortunately, the multifunctional nanosystems designed for theranostic purposes and possessing the most exciting potential in nanomedicine in realistic application scenarios frequently fall below the original expectations either due to the unsatisfactory targeting properties, poor payload and release of the conjugated therapeutic drugs, or both. From this prospective, the ex vivo QDs-based diagnostic systems and devices currently have reached a far more advanced stage than the nanosystems for whole body imaging and/or targeted drug delivery.
QDs are perfectly suitable for protein microarrays technology representing an invaluable tool for detection of proteins, proteineprotein interactions and responses to therapeutic drugs [89] . Such systems are especially useful for early diagnosis of cancer, as it can provide a better prognosis and timely implementation of appropriate treatment schemes for the patients. The major drawback of traditional biomarker screening techniques is that they commonly detect a single molecular target per assay. A fast and low cost QDs-based lab-on-a-bead immunodiagnostic multiplexed system has been recently offered and pre-clinically validated for the detection of multiple prostate-specific cancer biomarkers in clinical serum samples [90] . Notably, the sensitivity and specificity of the system proved to be similar to the gold-standard ELISA assays.
QDs conjugated with mutation-specific antibodies were recently used for immunofluorescence histochemical detection of epidermal growth factor (EGFR) gene mutations in the non-small cell lung cancer clinical samples by Qu et al., who demonstrated that QDs-immunohistochemical approach provides a simple and standardized method to detect EGFR mutations with high sensitivity and specificity, as compared with real-time polymerase chain reaction. From this perspective, the development of specific antibodies against the mutated EGFR proteins might in future applied for the diagnostics and treatment of lung cancer [91] .
Johari-Aharet et al. have designed an ultra-sensitive impedimetric immunosensor for detection of the serum biomarker CA-125 in patients with ovarian cancer. For this purpose, they modified a gold electrode with mercaptopropionic acid and subsequently conjugated it with silica coated gold nanoparticles, CdSe QDs and anti-CA-125 monoclonal antibody. The authors report a sensitive detection of CA-125 with a detection limit as low as 0.0016 U/mL featuring linearity over 0e0.1 U/mL [92] .
Sukhanova et al. demonstrated a successful application of nanocrystal-encoded microbeads to clinical proteomics in detection of circulating autoantibodies serving as markers of systemic sclerosis [93] .
The field of cancer diagnostics deservedly keeps attracting the attention of researches, and this area has currently shown the outstanding potential for realistic clinical translation. QDs and nanocrystal-encoded microbeads coupled with antibodies against tumour markers can be useful tools for ultra-sensitive micrometastases detection in serum and tissues [94] . Single domain antibodies-quantum dot conjugates, being much smaller in size compared to similar conventional antibody-based systems, hence offering a deeper tissue penetration in clinical biopsy samples, have been shown to be promising candidates for detection of lung and breast cancer biomarkers [95] .
For potential clinical coagulation and haemostasis laboratory use, a novel promising tool may be presented by bi-functionalized aptasensor for thrombin detection incorporating CdSe QDs and implementing electrochemiluminescence and electrochemical impedance spectroscopy fabricated by Lu et al. [96] . In thrombincontaining sample the aptamer combines with this essential coagulation-related protein, resulting in loss of QDs from the electrode surface, decreasing the electrochemiluminescence intensity and increasing the impedance. Such bifunctionalized aptasensor demonstrated high selectivity and super sensitivity with a detection limit of 10 À10 mg/mL or 2.7 aM.
From the clinical microbiology diagnostic perspective, an interesting innovation is offered by the combination magnetic/silica nanotubes surface-modified with QDs for simultaneous separation and highly sensitive detection of pathogenic Escherichia coli and Salmonella enteritis typhimurium bacteria in the range of 10 2 e10 5 CFU/ml [97] .
Graphene is considered to be an attractive candidate for nanomedical applications, including NIR-responsive cancer therapy [21] . A dual-mode surface enhanced Raman scattering and fluorescence immunoassay using graphene QDs labels on one-dimensional aligned magneto-plasmonic nanoparticles has been recently developed by Zou et al. [98] and used for the diagnostic detection of tuberculosis antigen CFP-10, reaching the excellent analyte detection limit of 0.0511 pg/mL. Dong et al. developed multifunctional poly(L-lactide)-polyethylene glycol-grafted photoluminescent graphene quantum dots for intracellular microRNA imaging in HeLa cells [99] . They suggested the use of such nanosystems in clinical practice for gene delivery with enhanced therapeutic efficiency, as they feature high biocompatibility and low cytotoxicity. Many other emerging applications of graphene-based nanomaterials for molecular imaging, including theranostics have been recently overviewed by Garg et al. [100] .
Ohta et al. [101] utilised amine-modified silicon quantum dots with visible photoluminescence as building blocks, assembling drug-loaded Si QDs aggregates. The aggregates underwent a disruption in response to the low endosomal pH, hence enabling the selective intracellular release of the loaded drugs [101] .
The above mentioned "quantum rattles" based on gold QDs designed by Hembury et al. have been shown to be capable of reducing tumour burden in a single course of photothermal therapy in vivo while coupling three complementary imaging modalities, such as near-infrared fluorescence, photoacoustic and magnetic resonance imaging and facilitating the function of the silica shell as a drug carrier [43] . Enhanced photosensitizer properties of hybrid methylene blue and CdTe nanocrystals systems make them attractive candidates for photodynamic therapy [102] . From this perspective, gold and many other types of QDs can serve as versatile nanoscale scaffolds for designing multifunctional nanoparticles with simultaneous imaging and therapeutic functionalities [103] .
The reports on the application of QDs for regenerative medicine as another nanomedicine domain are currently limited to a couple of dozens and are mostly related to testing of the innovative tissue engineering systems performance [104, 105] or stem cells tracking using QDs as fluorescent labels [106, 107] and therefore are not discussed in detail in the current review.
Unresolved problems, challenges and controversies
One of the key problems facing the researchers aiming to develop QDs for nanomedical uses was and remains the frequently encountered and often high toxicity levels of these nanoparticles. But if earlier it was commonly attributed to the "classical" semiconductor nanocrystals composed of such inherently hazardous metals as Cd, Pb and similar, the growing amount of data bears witness that this problem is, to a various extent, also pertinent to many new emerging types of QDs and the oxidative stress appears to be the common key factor involved in the cytotoxicity of these nanomaterials.
Thus, Si/SiO2 QDs have been reported to cause cytotoxicity in lung cells [108] . In this study, Stan et al. demonstrated for the first time the negative influence of silicon QDs on cellular redox homeostasis and glutathione distribution in human MRC-5 lung fibroblastic cell line. This was reflected in the increased levels of reactive oxygen species and malondialdehyde along with the lowered glutathione content. Interestingly, they observed that the initial localisation of glutathione in the cytoplasm has been gradually shifting to the nucleus over longer incubation intervals, suggesting a complex multi-step mechanism of this process. The same group has also shown that silicon-based QDs are able to generate inflammation in lung cells and cause an imbalance in extracellular matrix turnover through a differential regulation of matrix metalloproteinases and tissue inhibitor of metalloproteinase-1 protein expression [69] .
Qin et al. investigated the effects of graphene QDs on macrophages and their underlying molecular mechanisms. Their study has shown that graphene QDs only marginally affected the cell viability and cell membrane integrity of macrophages, while significantly increasing reactive oxygen species generation, apoptotic cell death with associated raised expression levels of Bax, Bad, caspase 3, caspase 9, beclin 1, and LC3-I/II, the latter indicating autophagy as an additional recently documented nanotoxicityrelated mechanism. Low concentrations of graphene QDs also significantly enhanced the expression of several cytokines, such as tumour necrosis factor-a, interleukin-1b and IL-8 in a p38 mitogenactivated protein kinase MAPK-dependent manner, whereas high concentrations of these QDs elicited opposite effects on the cytokines production [109] .
Graphene QDs proved to be toxic also in in vivo zebrafish embryo model at concentrations exceeding 25 mg/mL [110] . Cytotoxicity and genotoxicity of graphene QDs was studied by Wang et al. in fibroblastic cell line NIH-3T3 cells. Cells exposed to graphene
QDs at concentrations over 50 mg/mL(-1) showed no significant cytotoxicity, but the increased expression of p53, Rad 51, and OGG1 proteins reflecting the DNA damage by reactive oxygen species was recorded [111] . Despite a crucial importance of understanding the mechanisms of nanoparticle-associated side effects on the blood components which are likely to develop following potential systemic administration of nano-enabled imaging probes and drug nanocarriers (Fig. 3) , so far only a limited number of experimental studies has been carried out demonstrating the coagulation-modifying side effects of QDs [112e115].
Mice injected with amine and carboxyl modified CdSe/ZnS QDs rapidly developed pulmonary vascular thrombosis and a nearly instantaneous death [112] . Carboxyl-functionalised QDs were more potent than their amine counterparts in inducing pulmonary vascular thrombosis. This leads to the suggestion that the carboxyl QDs activate the coagulation cascade through the intrinsic pathway, since the thrombotic effect was not detected following pre-treatment of mice with heparin. These results correlate well with the reports that CdSe QDs can induce platelet aggregation in vitro [115, 116] . The dramatic effects of different nanoparticle types, including QDs, on the coagulation cascade are bound to develop as a hot topic in the focus of attention of research groups worldwide.
Since the initial discovery and introduction of the term "protein corona" as a dynamic protein assembly on the surface of nanoparticles exposed to complex biological media [117e119], numerous studies have confirmed its importance for the modification of functional properties of nanoparticles, their cellular, tissue and organ distribution patterns and for the overall outcome of cell interactions with them. Surprisingly, QDs received a far lesser attention in this regard. A possible explanation of this is possibly associated with the fact protein corona formation is often addressed to and generalised out of context of QDs and other nanoparticles of similar extremely small sizes (below 5 nm), comparable to or even smaller that the size of most common proteins. It is reasonable to suggest that approaching such dimensions, the tiniest QDs are highly unlikely to be decorated with a proper protein "corona", but would rather themselves form a kind of intercalating "nano-glitter" on the protein surface and/or within the folded protein structures at the sites which are favourable for the QDs-protein interactions both in terms of the physical mechanisms such as charge, hydrophobicity level, the nature of available chemical groups and bonds for such interactions and size constrains [120] . Some of these interactions where the macromolecular scaffolds can serve as templates for ultra-small nanoparticles deposition and resulting changes in protein folding (summarised by Shemetov et al. [121] ), are bound to have profound bilateral effects both of protein and QDs properties. Indeed, Pathak et al. more recently studied the interactions between water-soluble MPA-coated semiconductor CdSe QDs and three globular plasma proteins, including bovine serum albumin, b-lactoglobulin and human serum albumin and found that acidic residues of these proteins engaged in electrostatic interactions with QDs and upon binding with QDs, protein molecules underwent substantial conformational changes at the secondary-structure level with up to 50% loss in helicity [122] . Maffre et al. investigated the adsorption of human serum albumin onto FeePt nanoparticles, CdSe/ZnS QDs, Au and Ag nanoclusters of 6, 5 and 1e4 nm radii, respectively. The authors implemented different water-solubilizing approaches exposing carboxyl, amino groups and their combinations as well as succinylation and amination to render nanoparticles with different surface charges. The affinity of human serum albumin towards these nanoparticles differed by almost four orders of magnitude [123] . Treuel et al. investigated the protein corona formation around larger 10 nm diameter dihydrolipoic acid-coated QDs. Modification of human serum albumin molecules by introducing additional carboxyl groups resulted in a 3-fold decreased binding affinity towards the QDs. In contrast, a 1000-fold enhanced affinity was observed for albumin modified by ethylenediamine increasing the number of amino functions on the protein surface. In this study, pronounced variations were also observed both in the protein corona physicochemical properties and subsequent QDs uptake by HeLa cells [124] .
Therefore, it is clear that further studies are required to gain an in-depth understanding of the specifics of interactions between biological macromolecules and QDs, facilitating their rational design as ideal tools for nanomedical applications. In addition, a safe-by-design multi-tier approach with systematic tests conducted at each stage of QDs preparation and modification for biomedical use recently suggested by Movia et al. [125] should be adhered to in order to provide a realistic chance for their future clinical translation.
Conclusions and perspectives
The analysis of the results of the recent studies focused on applications of QDs in nanomedicine demonstrates that these nanoparticles have an outstanding potential for medical research, diagnostics and innovative methods of drug delivery. The already available prototype diagnostic tools feature a high feasibility for clinical translation in the near future. Despite the arrival of new emerging nanoparticles into the class of QDs featuring advanced properties and reduced cytotoxicity, detailed physico-chemical and functional characterisation of the QDs-based systems require further in-depth investigations to ensure their expected efficiency and safety in in vivo application scenarios in humans. From the investment prospective, according to the recent Allied Market Research Report on Quantum Dots (Global Analysis, Growth, Trends, Opportunities, Size, Share and Forecast through 2020), the global QDs market is expected to grow from $316 million in 2013 to $5040 million in 2020 with a projected growth rate of nearly 30% per annum. The QDs market segment related to biological imaging is the most mature in terms of revenue and it is expected to undergo consistent growth. The end-user segment representing QDsbased medical devices currently has the highest market share as medical scientists have been engaged in developing these devices for more than two decades by now [126] . Taken together, these research achievements and economic trends provide an overall strong and optimistic foundation for the future of QDs on the nanomedicine landscape.
